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Results and Discussion {#sec1}
======================

Large body size, weaponry, and/or ornaments can confer an advantage to males during reproductive competition, allowing them to better dominate precopulatory contests and increase the number of offspring they sire \[[@bib3]\]. However, when multiple males copulate with the same female, postcopulatory sperm competition occurs. This favors adaptations in male reproductive physiology, such as the production of more numerous and larger ejaculates (facilitated by larger testes) or faster and more enduring spermatozoa, which increase the likelihood of fertilization by a given male over competitors \[[@bib7]\]. Vocalizations are also an important component of sexual selection in many animal species, often playing a crucial role in determining the outcome of agonistic contests and/or female choice \[[@bib3], [@bib4], [@bib5]\]. However, despite considerable interest in the idea of vocal trade-offs \[[@bib8]\], little is known about the evolutionary dynamics favoring investment in vocal characteristics versus sperm production.

The powerful and characteristic roars of howler monkeys (genus *Alouatta*) are among the loudest vocalizations produced by any terrestrial animal ([Figures 1](#fig1){ref-type="fig"}A and 1B and [Movie S1](#mmc2){ref-type="supplementary-material"}). All howler monkey species have a highly modified larynx with a greatly enlarged cup-shaped hyoid bone containing an air sac, which is thought to function as a resonating chamber for their calls \[[@bib6], [@bib9]\] ([Figures 1](#fig1){ref-type="fig"}C and 1D and [Movie S2](#mmc3){ref-type="supplementary-material"}). The highly specialized anatomy of the vocal apparatus, coupled with the time and energy invested in vocalizing \[[@bib10], [@bib11]\], suggests an important role for roaring in howler monkey fitness---particularly given their energy-minimizing lifestyle \[[@bib12], [@bib13], [@bib14]\]. Multiple studies suggest that howler monkey roars function in male-male competition as territorial displays, regulating the use of space by groups \[[@bib10], [@bib15], [@bib16], [@bib17]\], although their precise functional significance and evolution is debated \[[@bib18]\].

The howler monkey hyoid bone differs considerably in size between the sexes and among species \[[@bib19], [@bib20]\], but the full extent of this variation and the selection pressures underlying variability have not been investigated quantitatively. For our core analyses, we collected comparative data on nine of the ten classically recognized *Alouatta* species \[[@bib21]\], using laser surface scanning to produce virtual 3D models of 255 hyoids. We then used phylogenetic methods and average species level data on body weight, skull length, canine length, testes volume, and number of males per group (data from five to nine species, depending on the dataset) to examine whether differences in male hyoid volume were related to variation in male competition among species---the "vocal competition" hypothesis. We also tested an alternative "environmental adaptation" hypothesis, that howler monkey hyoids are adapted to produce different frequency vocalizations in different habitats \[[@bib22]\], by analyzing data on net primary productivity. Finally, we used bioacoustic methods to analyze recordings of male roars and examined the acoustic consequences of variation in male hyoid morphology among species, hypothesizing that a more voluminous hyoid bone reduces formant spacing (ΔF) and increases the acoustic impression of body size conveyed by roars \[[@bib23], [@bib24], [@bib25]\] (i.e., the "size exaggeration" hypothesis \[[@bib26], [@bib27]\]). In order to provide broader comparative context to the core analyses described above, we performed CT and MRI on the cadavers of two adult male howler monkeys (*Alouatta sara* and *A. caraya*) and one adult male spider monkey (*Ateles fusciceps*). This allowed us to visualize the howler monkey vocal tract and measure vocal fold length and vocal tract length (VTL) for comparison with other mammals.

We found that hyoid volume is highly sexually dimorphic (*F*~(1,255)~ = 497.6, p \< 0.001) and varies significantly among species (*F*~(7,255)~ = 52.4, p \< 0.001). We also found a significant interaction between sex and species (*F*~(7,255)~ = 30.1, p \< 0.001), with greater sexual dimorphism in species with larger hyoids ([Figure 2](#fig2){ref-type="fig"} and [Table S1](#mmc1){ref-type="supplementary-material"}). Log~10~ male hyoid volume was significantly correlated with log~10~ female hyoid volume (phylogenetic generalized least squares \[PGLS\]: R^2^ = 0.89, λ = 0.00, *F*~(1,7)~ = 54.05, p \< 0.0005).

The average number of adult males per social group varied from 1.0 ± 0.0 to 3.0 ± 0.5 across species ([Table S1](#mmc1){ref-type="supplementary-material"}), and log~10~ male hyoid volume correlates negatively with the number of males per group (PGLS: R^2^ = 0.83, λ = 0.00, *F*~(1,6)~ = 29.61, p \< 0.005; [Figure 3](#fig3){ref-type="fig"}A), consistent with precopulatory sexual selection of this trait. Testes volume also varied significantly among species (*F*~(4,86)~ = 19.1, p \< 0.001) and correlated significantly and positively with the number of males per group (PGLS: R^2^ = 0.78, λ = 0.00, *F*~(1,3)~ = 10.45, p \< 0.05; [Figure 3](#fig3){ref-type="fig"}B), consistent with the hypothesized role for testes volume in postcopulatory sperm competition. Crucially, there was a significant negative correlation between male hyoid volume and testes volume (PGLS: R^2^ = 0.94, λ = 0.00, *F*~(1,3)~ = 43.84, p \< 0.01; [Figure 3](#fig3){ref-type="fig"}C). Canine length was sexually dimorphic (*F*~(1,107)~ = 148.89, p \< 0.001) but did not vary across species (*F*~(8,107)~ = 1.16, p = 0.33), and there was no interaction between sex and species (*F*~(8,107)~ = 1.38, p = 0.22). At the species level, canine length was not correlated with body weight, number of males per group, hyoid volume, or testes volume (see the [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}), suggesting that sexual selection on canine weaponry does not vary across species in this taxon.

We found no support for the "environmental adaptation" hypothesis: hyoid volume was not predicted by net primary productivity (PGLS: R^2^ = 0.19, λ = 1.00, *F*~(1,6)~ = 1.44, p = 0.27; general linear mixed model \[GLMM\] males: Akaike information criterion \[AIC\] model = 613.9, AIC null = 611.9, χ^2^~(1)~ = 0.01, p = 0.90, n = 144; GLMM females: AIC model = 351.7, AIC null = 349.9, χ^2^~(1)~ = 0.19, p = 0.67, n = 111).

As a result of their anatomical modifications, howler monkeys produce exceptionally low-frequency vocalizations for their body size compared with other mammals ([Figure 4](#fig4){ref-type="fig"}A). MRI-based measurements indicated that howler monkey vocal folds are extremely long for an animal of their size (4.08 cm in *A. sara* and 3.55 cm in *A. caraya*, [Figure S1](#mmc1){ref-type="supplementary-material"}; human male vocal fold length is ∼1.5 cm \[[@bib30]\]). Based on a theoretical string model \[[@bib30]\] of the vocal folds, we found that the vocal fold lengths obtained from the MRI-based measurements accurately predict the remarkably low fundamental frequency (F0) of howler monkey vocalizations (see the [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}). This explains how a howler monkey could produce an F0 similar to that of tigers or reindeer, despite major differences in body size (7 kg versus \>100 kg; [Figure 4](#fig4){ref-type="fig"}B). However, F0 is not typically measureable in howler monkey roars, which are noisy, broadband sounds presumably generated via deterministic chaos ([Figure S2](#mmc1){ref-type="supplementary-material"}), and in terrestrial mammals, empirical evidence suggests that F0 is not typically a reliable index of body size within age and sex classes \[[@bib31], [@bib32]\]. In contrast, numerous studies suggest that formant frequencies can provide reliable information about body size within species \[[@bib26]\] and that individuals attend to this information in both inter- and intra-sexual contexts \[[@bib23], [@bib24], [@bib25]\]. Male log~10~ hyoid volume was significantly negatively correlated with ΔF in male roars (R^2^ = 0.88, λ = 0.00, *F*~(1,5)~ = 35.14, p \< 0.005; [Figure 3](#fig3){ref-type="fig"}D). For example, in *A. caraya*, mean ΔF was 535 Hz, whereas in *A. sara* mean ΔF was 388 Hz ([Table S1](#mmc1){ref-type="supplementary-material"}). These values predict VTLs of 33 cm and 45 cm, respectively ([Table S2](#mmc1){ref-type="supplementary-material"}), even though total sitting height is only about 40--50 cm in this genus \[[@bib33]\]. Although VTL is greater in howler monkeys than other similarly sized primates \[[@bib26]\] as a result of their unusual vocal anatomy, these values are inconsistent with our MRI-based VTL measurements of 20.6 cm in *A. caraya* and 26.3 cm in *A. sara* ([Figure S1](#mmc1){ref-type="supplementary-material"}). These findings are consistent with the hypothesis that large hyoids may have evolved to enable lower ΔF than expected for body size, thereby increasing the acoustic impression of body size conveyed by howler monkey roars.

Across species, hyoid volume did not correlate with body weight in either males (PGLS: R^2^ = 0.06, λ = 1.00, *F*~(1,4)~ = 0.25, p = 0.65) or females (PGLS: R^2^ = 0.002, λ = 0.70, *F*~(1,5)~ = 0.02, p = 0.90), and the PGLS regression at the species level revealed no significant relationship between hyoid volume and skull length (male PGLS: R^2^ = 0.14, λ = 0.00, *F*~(1,4)~ = 0.64, p = 0.46; female PGLS: R^2^ = 0.13, λ = 0.00, *F*~(1,4)~ = 0.57, p = 0.49). However, hyoid volume was positively correlated with skull length when a larger sample of individual-specific data was used (GLMM: AIC model = 1002.8, AIC null = 2271.6, χ^2^~(1)~ = 1270.9, p = \<0.001, n = 117). This suggests that despite clear differences *between* species, hyoid volume nonetheless correlates positively with body size *within* species, and ΔF may thus act as an exaggerated, but honest, signal of body size. This is consistent with studies of other mammal taxa, which have shown that anatomical adaptations of the vocal tract may exaggerate the acoustic impression of body size relative to other species but still convey reliable information about body size relative to conspecifics \[[@bib34], [@bib35]\].

Our results provide strong evidence for the vocal competition hypothesis, consistent with Darwin's suggestion that the vocal organs of male *Alouatta* have been sexually selected \[[@bib17]\]. Females are likely to require large hyoids for some of the same reasons as males, e.g., inter-group resource defense (infants, food, and territory) and predator deterrence \[[@bib18]\]. However, it is unclear why female hyoid volume should correlate with male hyoid volume. One reason could be that female hyoid volume is a "correlated response" of selection for large hyoids in males \[[@bib36]\]. Another reason could be that there is independent selection for larger hyoids in the females of species in groups with fewer males (in which males also have large hyoids), e.g., as a strategy against male infanticide \[[@bib37]\], or owing to variation in female contest competition among species \[[@bib38]\]. These phenomena are not mutually exclusive, and further research would be necessary to disentangle this interesting question.

These data provide the first evidence in any species of an evolutionary trade-off between a precopulatory vocal-investment strategy and postcopulatory sperm competition. The phylogenetic correlations we observe are consistent with at least two non-mutually exclusive functional mechanisms, which may work at different phylogenetic levels. The first model, known as the "Y model," or the acquisition-allocation model, holds that for a given amount of a resource, it is not possible to increase allocation to two traits at once \[[@bib39]\]. Traits used in pre- and postcopulatory male-male competition may both be energetically expensive \[[@bib1], [@bib40]\], leading to a trade-off in resource allocation. The second mechanism results from trade-offs that occur when evolutionary change in one trait directly decreases the relevance or performance of another \[[@bib39], [@bib41]\]. Under this model, the coevolution of intense female monopolization and large hyoids in unimale species limits the opportunity for sperm competition, leading to relaxed selection pressure on testes. In contrast, a failure of precopulatory male-male competition to repel rivals results in increased postcopulatory competition. Matching data on testes and hyoids from the same males across multiple species would be required to fully explore the precise functional nature of trade-offs within and between species, providing an exciting avenue for future research.

Experimental Procedures {#sec2}
=======================

Morphological Traits {#sec2.1}
--------------------

We analyzed 255 (111 females and 144 males) apparently non-pathological, adult hyoids at a number of museums. Species were identified on the basis of geographic location of the site of provenance of the specimens. Following a standardized protocol, we scanned the bullate basihyoid bone using a 3D laser surface scanner and calculated hyoid volume from the resulting models (see the [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}). We used both new and published data on testes volume, canine length, and body weight, though the datasets were not matching, i.e., were not from the same individuals (see the [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}). However, where possible, we collected matching data on skull length for the hyoids analyzed in the dataset (see the [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}). Data on morphological traits are given in [Table S1](#mmc1){ref-type="supplementary-material"}. In order to analyze VTL and vocal fold length, we also performed CT and MRI on the cadavers of two adult male howler monkeys of different species (*Alouatta sara* and *A. caraya*) and one adult male spider monkey (*Ateles fusciceps*) (see the [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}).

Group Size and Composition {#sec2.2}
--------------------------

We compiled data on group size and composition from the literature for each of the howler monkey species studied (see the [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"} and [Table S3](#mmc1){ref-type="supplementary-material"}). Given that local environmental factors, such as variations in climate and vegetation, may affect group size and composition within species, we calculated mean values per study site and then took the average across study sites. We also ran analyses using the mean values for all groups (rather than sites), and the results did not change ([Table S4](#mmc1){ref-type="supplementary-material"}).

Net Primary Productivity {#sec2.3}
------------------------

We used 2013 data from the Moderate Resolution Imaging Spectroradiometer (MODIS) on the Terra satellite \[[@bib42]\] to calculate the annual NPP for the location of provenance of each hyoid specimen (see the [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}).

Acoustic Analyses {#sec2.4}
-----------------

We searched the Macaulay Library (<http://macaulaylibrary.org/>) and the British Library Sounds archive (<http://sounds.bl.uk/>) for high-quality recordings of lone adult male *Alouatta* roars. We selected the highest-quality recording available of an adult male for each species (see the [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}). Given the very small level of within species variation in hyoid volume ([Table S1](#mmc1){ref-type="supplementary-material"}), we considered these single recordings to be representative. We extracted three roars per recording for analysis. From these, we calculated ΔF and apparent VTL using published methods (see the [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}). We could not routinely measure F0 in the roars of the males because of the deterministic chaos typically present. However, we were able to measure F0 in other call types in order to make a general comparison with other mammals ([Figure 4](#fig4){ref-type="fig"}). We performed all acoustic analyses in Praat version 5.3.51 \[[@bib43]\].

Statistical Methods {#sec2.5}
-------------------

We first used a general linear model to examine differences in hyoid volume and canine length between sexes and among species and a one-way ANOVA to examine variation in testes volume among species. Then, to analyze the covariance between variables while accounting for the non-independence of data points due to shared ancestry of species, we used PGLS regressions (see the [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}). In the analyses that included the mean number of males per species, we used this variable as the independent variable and the morphological traits (i.e., hyoid volume, canine length, and testes volume) as dependent variables. When analyzing the relationship between testes volume and hyoid volume, ΔF and hyoid volume, and skull length and hyoid volume, we assigned hyoid volume as the dependent variable. In order to account for potential error in the branch lengths used, we recalculated all of the PGLS analyses with branch lengths of 1, and the results did not change ([Table S4](#mmc1){ref-type="supplementary-material"}). We present absolute hyoid volume and testes volume in the main text, as there was no correlation between either hyoid volume or testes volume and male body weight in our species-level data and, therefore, no effect of isometric scaling. When added to the models as a covariate, body weight accounted for very little variance and did not change our results (see the [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}). We log~10~ transformed variables in those cases where this improved the linearity of the relationships and performed all statistical analyses in R version 2.15.2 \[[@bib44]\].

Supplemental Information {#app2}
========================

Document S1. Supplemental Results, Supplemental Experimental Procedures, Figures S1 and S2, and Tables S1--S4Movie S1. Roaring by a Bolivian Red Howler Monkey, *Alouatta sara*, Related to Figure 1An adult male Bolivian red howler monkey (*Alouatta sara*) roaring (copyright La Senda Verde Animal Refuge, Bolivia, used with permission).Movie S2. Vocal Tract Morphology in *Alouatta* and *Ateles*, Related to Figures 1 and 2A 3D animation of the vocal tract morphology of an adult male black-and-gold howler monkey (*Alouatta caraya*), an adult male Bolivian red howler monkey (*Alouatta sara*), and an adult male black-headed spider monkey (*Ateles fusciceps*). The hyoid bone is shown in red and the thyroid cartilage shown in green.Document S2. Article plus Supplemental Information
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![Examples of Howler Monkey Vocalizations and Vocal Apparatus\
(A and B) Group chorus of (A) unimale Venezuelan red howler monkeys, *Alouatta seniculus* (copyright Carolyn M. Crockett), and (B) multimale-multifemale black and gold howler monkeys, *Alouatta caraya* (black, males; gold, females; copyright Mariana Raño).\
(C) Computed tomography (CT) surface model of adult male *Alouatta sara* showing highly modified vocal tract (left mandible removed from image).\
(D) Schematic representation of the CT model. Red, hyoid; green, larynx; pink, tongue; dark gray, air sacs; brown, palate.\
See also [Movies S1](#mmc2){ref-type="supplementary-material"} and [S2](#mmc3){ref-type="supplementary-material"}.](gr1){#fig1}

![Variation in Hyoid Morphology among Howler Monkey Species\
(A) Phylogeny of the howler monkey (*Alouatta*) species studied, with *Ateles fusciceps* as an outgroup. Numbers at the nodes indicate the estimated dates for splitting events (Ma), where known (data from \[[@bib21]\]).\
(B) 3D models showing the variation in size and shape of average hyoids in males (left) and females (right), corresponding to the species in (A) (hyoids were not available for *Alouatta pigra* females).\
(C) Computed tomography surface models, showing the hyoid (red) and thyroid cartilage (green). The left side of the mandible has been made transparent to make the hyoid bone fully visible.](gr2){#fig2}

![Relationship between Key Variables in Pre- and Postcopulatory Male Strategies across Howler Monkey Species\
Regression plots showing (A) log~10~ mean male hyoid volume versus mean number of males, (B) mean testes volume versus mean number of males per species, (C) log~10~ mean male hyoid volume versus mean testes volume, and (D) log~10~ mean male hyoid volume versus ΔF. Each point represents the mean value for a distinct howler monkey species: *Alouatta macconnellii* (orange), *A. belzebul* (black), *A. sara* (pink), *A. guariba* (red), *A. seniculus* (purple), *A. caraya* (dark blue), *A. palliata* (yellow), and *A. pigra* (light blue). The slopes and intercepts of the regression lines of the linear model and PGLS model were identical in all cases, so only one line is visible in each figure. Mean values ±SE are shown. Sample sizes are given in [Table S1](#mmc1){ref-type="supplementary-material"}. See also [Figure S2](#mmc1){ref-type="supplementary-material"} and [Tables S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}.](gr3){#fig3}

![The Exceptionally Low Call Frequency of Howler Monkey Vocalizations\
(A) Log-log plot of body weight versus F0 for a range mammals, highlighting the low-frequency vocalizations of howler monkeys (adapted from \[[@bib28]\] with permission from AAAS).\
(B) Log-log plot of vocal fold length versus F0 for a range mammals (adapted from \[[@bib29]\] with permission from Elsevier), showing that the low-frequency vocalizations of howler monkeys are to be expected, given their remarkable vocal fold length.\
Data sources are provided in the [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}. See also [Figure S1](#mmc1){ref-type="supplementary-material"}.](gr4){#fig4}
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